Summary Hypoglycaemia may cause transient cognitive impairment and neurological deficits that are frequently unilateral. The effect of mild hypoglycaemia (serum glucose level 3.4 + 0.1 mmol/1; mean + SEM) on regional cerebral blood flow and cerebrovascular resistance was studied in eight right-handed children with insulin-dependent diabetes mellitus (age 14,9 + 0.7 years; diabetes duration 7.4 + 1.1 years; six males) using the intravenous xenon-133 clearance method. Global mean cerebral grey and white matter blood flow, adjusted to mean pCO2 of cohort, showed a trend towards an increase from 54.7 + 3.5 ml-100 g-t. min-1 at baseline euglycaemia to 58.0 + 4.1 ml. 100 g-1. min-1 during hypoglycaemia (p = 0.075). Statistically significant changes were seen in global mean cerebral grey matter blood flow, as indexed by initial slope, which increased from 88.0 + 6.5 min -1 before hypoglycaemia to 96.3 + 7.2 min -1 during hypoglycaemia (p < 0.05). Cerebral grey matter blood flow was significantly higher in the right hemisphere compared to the left during hypoglycaemia (p < 0.01) but not at baseline euglycaemia. Measurements of global cerebrovascular resistance showed a borderline decrease from 1.64 + 0.11 to 1.54 + 0.11 mmHg. m1-1 9 100 g-1. min-1 (p < 0.09). In conclusion, mild hypoglycaemia is associated with increases in cerebral blood flow which are greater in grey matter flow indices and in the right hemisphere. We speculate that asymmetrical cerebral blood flow changes may explain the frequent laterality of neurological deficits during severe hypoglycaemia. [Diabetologia (1995[Diabetologia ( ) 38: 1090[Diabetologia ( -1095 Key words Cerebral blood flow, hypoglycaemia, children.
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In patients with insulin-dependent diabetes mellitus (IDDM), intensification of diabetes therapy to improve glycaemic control frequently causes mild hypoglycaemia, as plasma glucose concentration declines to 3.3 mmol/1 or below [12] . While such glycaemic levels were previously considered normal in adults [9, 13] , recent research has shown counterregulatory hormone secretion at these levels [14] . Indeed, our group induced transient cognitive impairment in diabetic adolescents when glucose levels were low-ered to 3.3-3.6 mmol/1 [15] . On the other hand, adults with IDDM rarely show cognitive deficits until blood glucose values fall below 2.7 mmol/1 [16] .
The reason for the difference in vulnerability to hypoglycaemia between children and adults remains unknown. Because children generally exhibit higher regional cerebral blood flow (rCBF) and cerebral metabolic rates than adults [17] [18] [19] , it is possible that the CBF response to hypoglycaemia in children may also be different from that in adults, and this in turn may account for their apparent decreased tolerance to mild hypoglycaemia. Although variable compensatory increases in rCBF have been found during moderate-to-severe hypoglycaemia (plasma glucose levels of 2.5-1.7 mmol/1) in diabetic [6] and non-diabetic [5, 7] men, neither the effects of mild hypoglycaemia on rCBF at any age, nor the effects of any degree of hypoglycaemia on rCBF in children with IDDM, have been evaluated. The only extant study found that during spontaneous moderate hypoglycaemia, neonates showed an increase in mean CBF, relative to euglycaemic subjects [20] . The present study was undertaken to elucidate the effects of mild hypoglycaemia on rCBF in children with IDDM.
Subjects and methods
Study population. Eight right-handed children with IDDM, aged 12 to 18 years (14.9 + 0.7, mean _+ SEM; six males), were recruited from the Children's Hospital of Pittsburgh Diabetes Registry. Duration of IDDM ranged from 2 to 11 years (7.4 _+ 1.1). Stable HbA 1 ranged from 9.2 to 14.4 % (11.1 + 0.7; normal = 4.9-7.3 %). Three subjects had a history of hypoglycaemic seizures; two had a single seizure more than i year earlier, and one had several seizures over a 2-year period, with the most recent one occurring 9 days prior to this study. None of these subjects were being treated with anticonvulsants. One patient had mild background retinopathy and mild arterial hypertension, and one had a history of mild attentiondeficit disorder which did not require pharmacotherapy. All subjects signed an assent and a parent gave written consent. The study was approved by the Human Rights Committee at the Childrens' Hospital of Pittsburgh and the Radiation Safety Committee of the University of Pittsburgh.
Insulin-glucose clamp technique. Subjects were admitted to the
General Clinical Research Center at the Childrens' Hospital of Pittsburgh. Intermediate and long-acting insulin therapy was withheld 24-36 h prior to testing. Euglycaemia was maintained by four injections of regular insulin prior to meals on the day prior to glucose clamp. At 22.00 hours on the night before the clamp, a variable rate intravenous insulin infusion was started and continued until 08.00 hours the next morning in order to maintain overnight euglycaemia. At 08.00 hours, a regular pork insulin infusion was started at 0.1 U. kg -1. h -a and continued until the end of the study. The resulting plasma free insulin concentration was maintained at about 90 pU/ml for the duration of the study. A variable rate of 10 % dextrose was infused to manipulate glucose levels measured as arterialized plasma glucose (hand in warm box) every 5 min from the dorsal vein of the left hand [15] . At the beginning of the study, plasma glucose was clamped at 5.5 retool/1 for at least 45 min 1091 to achieve a stable euglycaemic baseline. The first rCBF measurement was taken during the last 15 rain of that period and at least 60 rain after the increased insulin infusion. After this, plasma glucose levels were dropped over a 15-rain period to approximately 3.4 mmol/1 by decreasing the intravenous glucose infusion. This level was maintained for 60 min; the second rCBF measurement was made during the last 15 min of this hypoglycaemic nadir. All subjects were returned to euglycaemia during a 15-rain period by increasing the glucose infusion rate. Changes from baseline for each subject were evaluated. Because of concerns about excessive radiation exposure that were raised by the Childrens' Hospital of Pittsburgh Human Rights Committee, we were not allowed to measure rCBF during a second euglycaemic control clamp.
Cerebral blood flow measurements. The non-invasive Xe-133 clearance method of Obrist and co-workers [21] [22] [23] was used.
Following an intravenous injection of 20 mCi bolus of Xe-133 in saline, brain clearance of Xe-133 was monitored for 11 min using 14 extracranial detectors, seven over each cerebral hemisphere, and a portable rCBF machine (Cortexplorer 16; B.Simonsen Medical, Randers, Denmark). The clearance curves were subjected to two-compartment computer analysis that employed a correction for Xe-133 recirculation estimated from the expired air. This yielded an estimate of the mean flow in grey and white matter, designated CBF15 , and an estimate of faster clearing compartment, designated IS (initial slope), which corresponds to cerebral grey matter. End-tidal CO 2 (pCO2), respiratory and heart rates, haemoglobin, and haematocrit were measured during each rCBF study. Arterial blood pressure was measured by a sphygmomanometer and a cuff. Mean arterial blood pressure (MABP) was calculated as diastolic pressure + one third • (systolic-diastolic blood pressure). The maximum absorbed radiation dose to the lungs (the target organ) during each rCBF measurement is 0.08 cGy. Other organs receive less than 0.001 cGy.
Because of a small but significant decrease in pCO 2 during hypoglycaemia (1.8 mmHg) and the independent effect of pCO2 on rCBF, the rCBF data were analysed both before and after adjustment to the mean pCO 2 of all the studies (34 mmHg) [24] . We assumed normal adult CO2 vasoresponsivity in diabetic adolescents (see Discussion) with a 3 % change in CBF15 per mmHg change in pCO2 [24, 25] : CBF a = CBFobs/ [1-(34-pCO2) x 0.030], where CBF a is adjusted CBF15 and CBFob s is observed CBFls, and 3.5 % change in IS per mmHg change in pCO 2 [25] : IS~ = ISobs/[1-(34-pCO2) x 0.035], where IS a is adjusted IS and ISob s is observed IS. Results of adjusted rCBF data will be presented (i. e., CBFa and IS,) because they decrease variance, and thereby highlight and better illustrate the changes in CBFob s and ISobs during and after hypoglycaemia [24] . Cerebrovascular resistance (CVR) was calculated as MABP/CBFob s. In order to minimize anxiety during rCBF measurements, children underwent a familiarization session the day before testing.
The reproducibility of our rCBF measurements was validated in six adults aged 25 to 30years (mean + SD: 26.6 + 2 years). Four were male; two were IDDM patients, four were not. Each subject underwent two consecutive rCBF measurements, separated by 1 h, using Xe-133 clearance and similar experimental conditions to those during glucose clamps in the reported children's group except that euglycaemia (arterialized plasma glucose of 5.5 mmol/1) was maintained during the two measurements. We analysed rCBF data using the same computer software and methods as described above. Mean + SEM of CBF a in these adults was 47.4 + 4.6 and 47.2 + 3.8 ml 9 100 g-1. min-1 at times 1 and 2, respectively. Corresponding initial slope (ISa) values were 79.9 + 7.3 
Statistical analysis
Statistical analysis of data was carried out using SPSS PC+ v 3.0 software. Paired t-test procedures were used to assess hypoglycaemic-induced haemodynamic changes by comparing variables between euglycaemic baseline and hypoglycaemic nadir. Two-factor (Session; Hemisphere) repeated measures analysis of variance (ANOVA) techniques were used, with appropriate contrasts, to determine whether there were significant changes or hemispheric asymmetries in CBF and in cerebrovascular resistance during hypoglycaemia.
Results
Glucose level was 5.4 + 0.3 mmol/1 at baseline and decreased to 3.4 mmot/1 during hypoglycaemia. The effects of hypoglycaemia on various physiologic variables are shown in Table 1 . Relative to the euglycaemia at baseline, there was a significant decrease in pCO 2 during hypoglycaemia (p < 0.03). Respiratory rate did not increase during hypoglycaemia (2 = 0.073). A non-significant increase in haematocrit during hypoglycaemia was observed (p = 0.052). Diastolic and mean arterial blood pressures decreased significantly during hypoglycaemia (p < 0.03 and p < 0.02, respectively). Systolic arterial blood pressure and heart rate did not change during hypoglycaemia. Mean CBF a before hypoglycaemia was 54.7 + 3.5 ml. 100 g-1. min-1 and showed a small, non-significant increase during hypoglycaemia (58.0 + 4.1; p = 0.075). The high degree of intersubject variability in CBFa changes during hypoglycaemia is illustrated in Figure 1 .
In contrast to the relatively small changes in global grey and white matter flow (CBF~), there were statistically significant increases in grey matter blood flow, as indexed by IS~ values. Mean IS, increased from 88.0 _+ 6.5 min -t before hypoglycaemia to 96.3 + 7.2 min -1 during hypoglycaemia (p < 0.03). Marked intersubj ect variability in IS, changes during hypoglycaemia was also observed (Fig.2) . Five subjects showed increased IS a during hypoglycaemia and three showed no change. Global CVR showed a small non-significant decrease during hypoglycaemia from 1.64 + 0.11 to 1.54 + 0.11 mmHg. m1-1 -100 g-1. min -~ (p = 0.08).
In order to explore the relationship between prior glycaemic control and rCBF, we first evaluated the relationship between HbA t and the increment in CBF a and ISa and found no significant correlation (r = -0.24, p > 0.50, and r = -0.10, p > 0.80, respectively). We then assessed the relationship between HbA 1 and actual CBFa and IS~ values during baseline euglycaemia and hypoglycaemia. No significant correlation was found (r < 0.2, p > 0.50 for all correlations).
Data on hemispheric differences in blood flow and CVR are summarized in Table 2 . IS~, CBF~ and CVR were each examined using a two-factor (Hemisphere; Session) repeated measures ANOVA. For the grey matter index (ISa), there was a main effect of Hemisphere (p < 0.03), a main effect of Session (p < 0.03), and a Session x Hemisphere interaction (p < 0.03). Subsequent comparisons indicated that the sign•177 A main effect of hemisphere was also found for the CVR measure (p < 0.03), but there was no main effect of Session (p > 0.08) nor a Hemisphere x Session interaction (p > 0.40).
Discussion
The present study demonstrates that even at mild hypoglycaemic levels, adolescents with IDDM experience variable increases in rCBE These increases occur at serum glucose levels that are higher (i. e., milder hypoglycaemia) than have previously been reported in adults. Grey matter indices show a greater increase in blood flow than does mean grey and white matter, and the right hemisphere shows a greater increase than the left.
Our findings agree with recent reports of increased rCBF during moderate hypoglycaemia (plasma glucose levels of 2.2 mmol/1) in healthy and diabetic adults [5] [6] [7] , but extend the observation to diabetic children at lesser degrees of hypoglycaemia (glucose levels of 3.4 mmol/1). Thus, and contrary to the prevailing belief [9, 13] , even mild hypoglycaemia can affect rCBF in diabetic adolescents.
Although our study was not designed to determine glycaemic thresholds for rCBF increases in children, our data suggest a level which is higher than commonly accepted in human adults (2.5 mmol/1) [26] or awake goats (2.8-3.0 mmol/1) [27] . Our findings of significant haemodynamic changes during mild hypoglycaemia, such as decreased diastolic and mean arterial blood pressures and a borderline haemoconcentration, suggest effects of counterregulatory hormones at even mild hypoglycaemia. A similar pattern of results has been described in a study showing increases in systolic blood pressure and heart rate in non-diabetic men during severe insulin-induced hypoglycaemia (serum glucose level of 2 retool/l) [28] .
Moreover, our group has recently reported significant counter-regulatory hormone secretion at a glucose level of 3.4 mmol/1 [29] . Taken together, these observations suggest that this degree of hypoglycaemia is clinically significant.
The increase in rCBF found in our study was seen predominantly in grey matter flow measures: mean global CBF a increased only 4 % but grey matter flow (ISa) increased 9.5 %. This observation is consistent with the fact that the outer layers of the cerebral cortex are more sensitive to the effects of hypoglycaemia than deeper layers and white matter [9, 30] . Moreover, the lesser increase in CBF a is probably related to an averaging of slow white matter flow with the normally fourfold faster grey matter flow values [22] . Furthermore, the IS index used in this study is 50 % more sensitive to cortical activation than is the CBF15 index [23] . These data suggest that other quantitative methods to measure rCBF where volume-averaging of grey and white matter occurs, such as positron emission tomography and Xe-133 single photon emission computed tomography (SPECT), may underestimate the effects of hypoglycaemia on rCBE Our results are consistent with those reported by Tallroth et al. [5, 6] who measured rCBF during moderate hypoglycaemia in 10 non-diabetic and 10 diabetic right-handed men using Xe-133 SPECT and found that global CBF increased in both groups after 10 min of hypoglycaemia.
To date, the only study of rCBF during hypoglycaemia in children is that reported by Pryds et al. [20] , who measured rCBF in 25 pre-term neonates at 2 h after birth using intravenous Xe-133. They found significant increases in CBF and plasma epinephrine in 13 neonates with blood glucose levels below 1.6 mmol/1. While the increased CBF persisted for more than 30 min after correction of hypoglycaemia, plasma epinephrine levels had reached the baseline level of normoglycaemic neonates. This has led Pryds et al. to suggest that cerebral hyperperfusion during hypoglycaemia is related to mechanisms other than fi-receptor stimulation. In a subsequent study, Skov and Pryds [31] studied cerebral blood volume changes using near-infrared spectroscopy in 18 pre-term newborns during treatment for spontaneous hypoglycaemia (mean blood glucose level 1.2 mmol/1) and found decreases in cerebral blood volume after treatment with glucose. They suggested that capillary recruitment of previously unperfused capillaries helps maintain glucose transport into neurons of hypoglycaemic, pre-term neonates.
The mechanism underlying the 9.5 % increase in grey matter flow found in this study remains poorly understood. A flow increase of this magnitude, if linear and in already perfused capillaries, would cause only a minimal increase of approximately 3 9/0 in net glucose flux across the blood-brain barrier [32, 33] . This would certainly be inadequate to offset deficits in energy metabolism induced by a blood glucose level of 3.4 retool/1. This lends support to Skov and Pryds' [31] suggestion of capillary recruitment. Such recruitment would provide a greater possibility of an increase in glucose transport than that permitted by increased linear flow alone [33] .
Our observation of asymmetrical hemispheric increases in rCBF during hypoglycaemia is different from the asymmetry reported by Tallroth et al. [5, 6] . While those authors found higher rCBF in the right hemisphere compared with the left before and during hypoglycaemia (2.3 and 1.6 %, respectively in diabetic men, and 2.8 and 1.2 % in non-diabetic men), we found a significant right-greater-than-left hemispheric asymmetry (p = 0.005) which was limited to the period of hypoglycaemia (1.93 %). Hemispheric differences before (0.52 %) hypoglycaemia were not statistically significant. We have no explanation for the greater rCBF in the right cerebral hemisphere relative to the left during hypoglycaemia. Such asymmetry was not found by Kerr et al. [7] . These different results may reflect variations across studies in experimental conditions, methodology, or subjects' age. All the subjects in the studies of Tallroth et al. [5, 6] and in ours are right-handed, but handedness is not indicated in the report of Kerr et al. [7] . Future studies of left-handed subjects may help clarify the role of cerebral dominance in the observed rCBF asymmetries during hypoglycaemia.
Given the experimental setting of repeated rCBF measurements in our study, we must consider the possibility that habituation and adaptation to various stimuli during the experiments could account for the pattern of hemispheric asymmetry observed by us. Warach et al. [34] reported a progressive decline in rCBF over time during three consecutive rCBF measurements in young adults using Xe-133 clearance. The decline was attributed to habituation and was limited to right-handed subjects. Moreover, this decline in rCBF was greater in the left hemisphere relative to the right in males, and in the right hemisphere in females. It is, however, unlikely that habituation can completely explain our results since we found an increase in rCBF over time. Furthermore, our finding of a small, insignificant decline in rCBF in the euglycaemic adult group is similar to reports from other laboratories on the reproducibility of the Xe-133 clearance method [35] [36] [37] [38] [39] . Hence, repeated rCBF I. T. Jarjour et al.: Cerebral blood flow during hypoglycaemia measurements using Xe-133 clearance show decreases in rCBF rather an increase, which strongly suggests that the observed increase in rCBF during hypoglycaemia in our study reflects a true change.
Our finding of an asymmetric rCBF change during mild hypoglycaemia may explain the frequently observed laterality of neurologic deficits and seizures during severe hypoglycaemia [9] [10] [11] . In a review of 29 cases of hypoglycaemic hemiparesis in adults [10] , weakness was right-sided in 72 % and left-sided in 28 %. Similar right-sided predominance of neurological deficits was observed on 16 of 19 (84 %) occasions in seven diabetic children [11] . In none of these reports was there any explanation for such laterality of deficits. Based on our data, we speculate that the left cerebral hemisphere is more susceptible to the deleterious effects of hypoglycaemia because of its decreased ability to increase rCBF.
In analysing results from our study, we adjusted the rCBF data to pCO 2 changes due to a small, but significant, decrease in pCO 2 during hypoglycaemia (1.8 mmHg). Because of an absence of quantitative data in adolescents, we used adjustment factors based on normal young adults' rCBF/CO 2 reactivity [24, 25] . It is likely that the magnitude of rCBF/CO2 reactivity may be slightly different in adolescents. However, this should not affect the trend in rCBF changes or rCBF hemispheric differences. Our findings of a significant increase in right hemispheric blood flow during hypoglycaemia before adjustment of rCBF data, and a borderline decrease in CVR, which was based on observed and not adjusted CBFls values, lead us to infer that our adjustment of rCBF data to pCO 2 should not affect our conclusion of increased CBF during hypoglycaemia.
In conclusion, our pilot study of the effects of mild, experimentally-induced hypoglycaemia on rCBF in eight adolescents with IDDM demonstrated increases in rCBF which were greater in grey matter blood flow indices than in mean grey and white matter indices. Moreover, there was significant hemispheric asymmetry, with a relatively greater increase in flow in the right hemisphere during hypoglycaemia.
